INTRODUCTION
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Resale or republication not permitted without written consent of the publisher 1 Phenotypic (Hershberger et al. 2008 ) and genotypic (Criscione et al. 2002 , Rasmussen et al. 2010 ) differences have been identified among isolations of Ichthyophonus hoferi from the northeastern Pacific, suggesting that there are multiple sympatric species in the region. Due to this taxonomic uncertainty, we refer here to the parasite by its generic name generally considered to be through the lining of the digestive tract, based on studies using other species (Sinderman 1990 , McVicar 1999 .
Strong evidence suggests that interspecific transmission of Ichthyophonus follows trophic pathways from forage species to larger piscivorous fishes. Successful transmission to several hosts occurs in the laboratory after per os exposure with either infected tissues or schizonts isolated from infected tissues. Infections established in winter flounder Pseudo pleuronectes americanus Walbaum after force-feeding schizonts isolated from Atlantic herring (Fish 1934 Girard (J. Gregg unpubl. data) . The ap parent low host specificity of Ichthyo phonus and the ease of interspecific transmission suggest that infections in a number of hosts at higher trophic levels may ultimately result from consumption of infected forage species. However, the mode of transmission and the factors that produce epizootics in planktivorous species like Atlantic and Pacific herring are still in question.
To date, exposure modalities that have successfully established Ichthyophonus infections in clupeid species in the laboratory have no natural analogs. Intraperitoneal (IP) injections with isolated schizonts (Kocan et al. 1999 , 2010 , Gregg et al. 2011 ) have established infections in Pacific herring, and massive repeated feedings of infected viscera from conspecifics have established infections in Atlantic herring (Sindermann & Scattergood 1954 , Sindermann & Chenoweth 1993 . Neither of these models provides insight into natural infection processes.
Our understanding of the high incident rates that lead to epizootics in schooling fishes such as herring is limited by unsubstantiated assumptions involving natural routes of transmission, including the possibility of direct intraspecific transmission. If fish-to-fish transmission does occur, then density-dependent and environmental factors may drive incidence rate alone. If transmission involves an intermediate host, spatial and temporal overlap with the intermediate host may drive incidence regardless of other factors. The objective of the present study was to determine if fish-to-fish transmission of Ichthyophonus could be demonstrated in the laboratory by cohabitation of infected and naïve Pacific herring.
MATERIALS AND METHODS
Specific pathogen-free (SPF) Pacific herring were reared in the laboratory, to ensure that no experimental animals had previous exposure to Ichthyophonus. Naturally spawned eggs, collected from Puget Sound, were transported to the Marrowstone Marine Field Station (MMFS, Nordland, WA, USA) where they were incubated in filtered seawater. After hatching, larvae were fed enriched live feeds (i.e. Brachionus plicatilis and Artemia franciscana) and frozen copepods (Cyclop-eeze™; Argent Chemical Laboratories) until they were large enough to accommodate commercially available salmon feed (Bio Vita Starter, Bio-Oregon). To avoid waterborne introduction of pathogens, ambient seawater was passed through sand and 10 µm cartridge filters and irradiated with UV light prior to being delivered to the herring or the live-feed production facility. Two age classes of herring were used: young-of-the-year (YOY) herring were 156 d post-hatch and Age-1 herring were 477 d post-hatch at the initiation of the cohabitation experiment. Mean length and weight (measured at the end of the experiment) were 4.3 g and 70.8 mm for YOY fish and 27.8 g and 131 mm for Age-1 fish, respectively.
Subsets of YOY and Age-1 SPF herring that would act as infected donors were exposed to Ichthyophonus via IP injection. Parasite material for exposure was isolated from 6 infected adult Pacific herring. Explant heart and liver cultures were maintained in Eagle's Minimum Essential Medium (MEM), buffered to pH 7.8 with Tris, and supplemented with fetal bovine serum (5% v/v), penicillin (100 IU ml −1 ), streptomycin (100 µg ml −1 ), and gentamycin (100 µg ml −1 ). After 11 d at 15°C, the cultures were split and moved into fresh medium. Four days later, loose schizonts were separated from host tissue, and schizonts from all cultures were combined in phosphate buffered saline (PBS). Aliquots (50 µl) of this suspension, containing a mean of 213 schizonts (SD = 63) and an unquantified number of mononucleated Ichthyophonus cells, were injected into Age-1 and YOY herring. Sterile PBS was injected into Age-1 and YOY herring that would act as donors in control treatments.
Six days post-exposure (dpe) Ichthyophonus and saline-exposed donors were cohabitated with YOY sentinels (i.e. YOY SPF herring) in round, 760 l tanks (Table 1) . Fifty Age-1 Ichthyophonus donors were combined with 194 YOY sentinels, and 50 Age-1 PBS donors were combined with 196 YOY sentinels (Trial 1: Age-1/YOY treatments). One hundred YOY Ichthyophonus donors were combined with 193 YOY sentinels and 100 YOY PBS donors were combined with 198 YOY sentinels (Trial 2: YOY/YOY treatments). These densities (0.3 to 0.4 fish l −1 ) were chosen based on past experience, as they result in continuous organized schooling behavior within the tanks. Cohabitation tanks were supplied with sand-filtered, UV-treated seawater at 8 to 12 l min −1 for the duration of the experiment, except on 2 occasions when pump maintenance required the flow to be shut off for < 8 h. Effluent water was treated with sodium hypochlorite prior to discharge. Seawater temperature was recorded with a data logger (Water Temp Pro V2, Onset Computer) upstream of the cohabitation tanks at 30 min intervals. Salinity was measured with a conductivity probe (YSI Model 30) on average 4.4 times per week. Fish were fed an excess of salmon pellet (Bio Vita Fry, Bio-Oregon) 3 times per week. Excess feed was removed from tank bottoms the day after feeding, and mortalities were removed from tanks daily. The experiment was terminated after 113 d of cohabitation, at which time survivors were euthanized in an overdose of buffered tricaine methanesulfonate (Tricaine-S, Western Chemical) and assayed for Ichthyophonus infection.
Age-1 donor herring were readily distinguishable by size from the YOY naïve sentinels in the Age-1/ YOY cohabitations (Trial 1). This allowed for the direct measurement of infection prevalence in exposed Age-1 donors, and horizontal transmission was demonstrated if any YOY sentinels from this treatment were infected at the end of the study. In contrast, YOY donors were cohabitated with fish from the same stock and were not distinguishable from the naïve sentinels (Trial 2). We chose not to mark the donor or sentinel fish in Trial 2, as the epithelial damage that would occur from a fin clip or visible implanted tag can confound results by either predisposing donors to shed parasites or predisposing sentinels to infection through damaged epidermis. Instead, 2 samples were taken from a colony (N = 1348) of Ichthyophonusexposed herring. One sample (n = 100) was used as infected donors in Trial 2 and the other (n = 102) was held in a separate tank and used to estimate infection prevalence that resulted from IP exposure (Table 1) . Fish in the prevalence estimate tank were euthanized and assayed 23 dpe to estimate the prevalence that resulted from the initial exposure, rather than that which may have resulted from subsequent horizontal transmission. Horizontal transmission in Trial 2 would be demonstrated if the number of infected individuals in the cohabitation tank at the end of the study was greater than the upper bound on the 95% CI of this prevalence estimate. The 95% CI for a population proportion from a finite population was calculated following Zar (1999 
RESULTS
For Trial 1, no horizontal transmission occurred in the Age-1/YOY cohabitation. In the Ichthyophonus treatment, no mortalities (n = 19) or survivors (n = 175) among the YOY sentinels cultured positive for Ichthyophonus. Age-1 donors experienced no mortalities, except for 1 fish (discarded) that died after jumping through a small opening in the tank lid. Seventy five percent (37 out of 49 fish) of the remaining Age-1 donors were infected with Ichthyophonus, with 9 of 37 infected fish displaying epidermal ulcers at termination of the experiment. Ichthyophonus was not cultured from any mortalities (n = 15 YOY) or subsampled survivors (n = 73 YOY; n = 39 Age-1) in the negative control group.
For Trial 2, horizontal transmission was not detected in the YOY/YOY cohabitation. Twenty-seven of 44 mortalities and 57 of 244 survivors cultured positive for Ichthyophonus (i.e. a total of 84 positive fish). Five survivors were not assayed for Ichthyophonus, as the tissue sample adhered to the side of the culture vessel and was not immersed in the medium. Of the 102 Ichthyophonus-exposed fish in the prevalence estimate tank, 92 cultured positive for Ichthyophonus (12 out of 13 mortalities and 80 out of 89 survivors). This resulted in a prevalence estimate of 90.2% with a 95% CI of 83.0 to 95.0%. Therefore, 96 positive fish were necessary to suggest that horizontal transmission occurred in the cohabitation tank. Even with addition of the 5 uncultured survivors to the 84 confirmed positive fish, this threshold was not reached. Ichthyophonus was not cultured from any mortalities (n = 27 YOY) or subsampled survivors (n = 77 YOY) in the negative control group.
Temperature decreased during the course of the experiment from a maximum of 11.8°C during the first week of cohabitation to a minimum of 7.5°C on the final day. Mean temperature for the 4 mo of cohabitation was 9.5°C. Salinity was relatively unchanged with a mean of 32 ppt, minimum of 29 ppt and maximum of 35 ppt.
DISCUSSION
With no intermediate host identified, fish-to-fish transmission has become a convenient, parsimonious hypothesis that explains the maintenance of Ich thyophonus in clupeid populations. However, we were unable to demonstrate fish-to-fish transmission of Ichthyophonus in Pacific herring, even with infection pressures (i.e. percentage of infected donors) higher than those typically encountered by wild juvenile herring (Kocan et al. 1999 , Hershberger et al. 2002 . Fish-to-fish transmission of Ichthyophonus does occur in rainbow trout farms, and has been demonstrated experimentally both by cohabitation (Yokota et al. 2008) and by caging infected rainbow trout upstream of naïve fish (Gustafson & Rucker 1956 ). This demonstrates that some waterborne in fective stage of Ichthyophonus exists, but the presence of a similar process in the marine environment is still in question. The rainbow trout model not only involves a different host and environment (i.e. freshwater), but also a different strain (or possibly novel species) of Ichthyophonus than that which infects herring (Hershberger et al. 2008 , Rasmussen et al. 2010 .
The epidermal ulcers that manifest in herring as a result of Ichthyophonus infection have long been considered a possible route for dissemination of infective stages into the surrounding water (Fish 1934 , Sindermann & Scattergood 1954 . In Pacific herring, these ulcers do slough viable polykaryotic parasite cells, and these cells are infectious to naïve Pacific herring when administered via IP injection (Kocan et al. 2010) . However, multiple attempts made in our laboratory to establish infections in herring by administering these same cells per os have been unsuccessful.
Proof that fish-to-fish transmission does not occur is difficult, but our results suggest that it does not occur readily and likely does not represent the primary mechanism for the maintenance of Ichthyophonus in herring populations. In the late summer and fall, prevalence of infection can reach 6% in YOY Pacific herring (Kocan et al. 1999 ) and be as high as 12% when fish reach Age-1 (Hershberger et al. 2002) . If fish-to-fish transmission accounts for these infections then some contact between YOY fish and parasites shed from older cohorts is necessary. This exposure of YOY to Ichthyophonus must establish infections, and subsequent amplification within the YOY cohort from a very low prevalence must ensue to account for the trend encountered in the wild.
It is possible that specific conditions, not met in our study, are necessary at the time of exposure to establish Ichthyophonus infections in Pacific herring. Temperature or salinity extremes that occur in small embayments used as nursery habitat for Pacific herring (Norcross et al. 2001 ) may play a role in the infection cycle. An inverse relationship between temperature and infection rate has been demonstrated in Pacific herring exposed to Ichthyophonus via IP injection (Gregg et al. 2011) . However, the current study was conducted over a temperature range (7.5 to 11.8°C) that should not have inhibited infection. The horizontal transmission that occurs among rainbow trout in freshwater (Gustafson & Rucker 1956 , Yokota et al. 2008 suggests that hyposaline environments may facilitate transmission. However, any changes that occur in low salinity which improve infectivity probably occur at the level of the host rather than the parasite, as the facultative survival of Ichthyophonus is greater in the salinities used here than in freshwater (Hershberger et al. 2008) . The role of salinity and infectivity with regard to Ichthyophonus remains to be examined, and studies should focus on the rainbow trout model where fish-to-fish transmission has been demonstrated.
Although specific environmental factors may facilitate horizontal transmission of Ichthyophonus, we feel that the inability to detect transmission in this study suggests that an intermediate host, paratenic host or vector may be necessary to establish infections in clupeid and other planktivorous marine species. Parasites that resemble Ichthyophonus have been described in copepods of the genus Calanus (Jepps 1937 , Hirche & Kwasniewski 1997 but an attempt made to culture these Ichthyophonus-like parasites from Calanus spp. suggested that it is not actually Ichthyophonus (Torgersen et al. 2002) . Further examination of zooplankters that are common in the diet of Atlantic and Pacific seems a logical next step in the investigation of Ichthyophonus transmission. Because of morphological plasticity in Ichthyo phonus life history stages, it is possible that the parasite may present in an unrecognizable form in novel hosts; therefore, zooplankton survey efforts should utilize Ichthyophonus-specific molecular techniques, in addition to culture, in an attempt to identify intermediate hosts or vectors. 
